Metal foams are relatively novel materials that due to excellent mechanical, thermal, and insulation properties have found wide usage in different engineering applications such as energy absorbers, bone substitute implants, sandwich structure cores, etc. In common numerical studies, the mechanical properties of foams are usually introduced to FE models by considering homogenized uniform properties in different parts of a foamy structure. However, in highly irregular foams, due to complex micro-geometry, considering a uniform mechanical property for all portions of the foam leads to inaccurate results. Modeling the micro-architecture of foams enables better following of the mechanisms acting in micro-scale which would lead to more accurate numerical predictions. In this study, static mechanical behavior of several closed-cell foam samples has been simulated and validated against experimental results. The samples were first imaged using a multi-slice CT-Scan device. Subsequently, experimental compression tests were carried out on the samples using a uniaxial compression testing machine. The CT data were then used for creating micro-scale 3D models of the samples. According to the darkness or brightness of the CT images, different densities were assigned to different parts of the micro-scale FE models of the foam samples. Depending on density of the material at a point, the elastic modulus was considered for it. Three different formulas were considered in different simulations for relating the local elastic modulus of the foam material to density of the foam material at that point. ANSYS implicit solver was used for the simulations. Finally, the results of the FE models based on the three formulas were compared to each other and to the experimental results to show the best formula for modeling the closed-cell foams.
Introduction
Due to excellent properties such as low weight, high energy absorption capacity, exceptional acoustic and thermal properties, etc., metal foams have received much attention in the last decades. Metal foams usually have densities about 10-60% of the density of the material they are made of. Different techniques such as vapor electro-deposition on open-cell polymer foam templates, powder metallurgy, hollow sphere consolidation, solidification in open-cell mold, etc. are used for manufacturing metal foams. Metal foams are usually made of aluminum, but other metals such as steel, nickel, titanium, copper, and gold are the other prevalent materials used for making them. Density of foams is usually stated by relative density which is defined as the ratio of density of the foam to density of the material it is made of (Gibson and Ashby, 1998) . Foam structures are categorized into two main groups: open-cell and closed-cell (Banhart, 2001) (Fig. 1) . In closed-cell foams, the cells are separated from each other by means of thin walls.
However, the open-cell foams are made of struts rather than walls and, therefore, the interior parts of the cells are connected to each other. The closed-cell foams usually have higher strength and energy absorption capacity compared to the open-cell foams.
There is a tremendous number of works on the experimental investigation of mechanical behavior of metal foams under static loading (Andrews et al., 1999; Cao et al., 2006; Gibson, 2000; Meguid and Xue, 2000) . However, due to the fact that metal foams are usually made by different manufacturing techniques and conditions, carrying out experimental works on the mechanical behavior of these materials is still valuable. In an analytical study, Kitazono et al. (2003) derived elastic-plastic properties of closed-cell metal foams using a continuum micro-mechanical model. They also incorporated the effect of gas pressure inside the cells into their calculations. The model was developed to predict the response of both isotropic and anisotropic foams. Their analytical micromechanical model agreed well with the experimental elastic-plastic response of tests samples except for higher density foams. Some other analytical solutions to the mechanical properties of open-cell foams can be found in (Hedayati et al., 2016a,b,c; Ko, 1965) .
After the advent of efficient computers, many researchers attempted to model the microstructure of foams by FE (Finite Element) code. There are two main methods in this regard. In the first method (Nammi et al., 2010; Buffel et al., 2014) , simple geometrical unit cells were created by the user in such a way that the unit cell shape had the most possible resemblance to the cell shapes of the manufactured foams. Several unit cell types namely Kelvin, Weaire-Phelan, truncated cube, cube, etc. have been proposed for this type of numerical modeling. The unit cell was then repeated several times in the space to create a lattice structure. In the second method, the FE model of the foam was created based on the data obtained from CT-Scan images.
Constructing the FE model using CT data has been received much attention in the recent years and several studies have been dedicated to it. Youssef et al. (2005) prepared a three--dimensional (3D) model of a polyurethane foam by means of X-ray micro-tomography data. In this regard, the solid volume of the foam was meshed using tetrahedral elements. Using the constitutive equations of the bulk material, a compression test was simulated and the local deformation mechanism of the foams was predicted. Their model was able to correctly capture both the macroscopic response and local deformation mechanisms. In most of the previous micro-geometrical studies on the foam, the local material properties of foams have been considered uniform (and equal to the mechanical properties of the bulk material) in the walls or struts of the foam structure. This assumption is reasonable in foams fabricated by some of the foam manufacturing techniques. However, most of the foams (especially the closed-cell ones) usually do not show uniform material density (and as the result mechanical properties) in their walls or struts. Therefore, considering a uniform mechanical property for all portions of the foam leads to inaccurate results. In this study, the static mechanical behavior of several closed-cell foam samples have been simulated and validated against experimental results. The samples were first imaged using a multi-slice CT-Scan device. Subsequently, experimental compression tests were carried out on the samples using ua niaxial compression testing machine. The CT data were then used for creating 3D models of the samples. According to the darkness or brightness of the CT images, different densities were assigned to different parts of the FE models of the samples. Depending on density of the material at a point, the elastic modulus was considered for it. Three different formulas were considered in different simulations for relating the elastic modulus to density of the foam material. ANSYS implicit solver was used for carrying out the simulations. In this study, the main goal is to find out which of the three formulas can better follow the mechanical behavior of the foams manufactured by the melting method.
Materials and methods

Experimental technique
The foams were manufactured by adding TiH 2 powders as an foaming agent to the melted aluminum. In molten aluminum (in temperatures about 660 • C), TiH 2 is decomposed into titanium and hydrogen. The gaseous hydrogen creates bubbles in the molten metal. To stabilize the bubbles, calcium particles are also added to the melted aluminum which increases the viscosity of the molten. After the formation of bubbles, the molten is cooled. Therefore, titanium and calcium materials also exist in the structure of the foam.
Using the abovementioned manufacturing procedure, a 3.2 mm thick porous plate was created, from which several 30 mm×30 mm×32 mm foam samples were obtained. The foam had some degrees of irregularity due to which the foam samples had average densities between 46-53 g/cm 3 , i.e. relative densities in the range of 0.17-0.21.
For carrying out the experiments, a uniaxial compression test device (Zwick 1494) was used (Fig. 2) . The grip velocity was set to 3 mm/s. To apply the compressive load uniformly, two steel plates were placed under and above the test samples. The weight of the top steel plate was then taken into account in the load values. Ten samples with geometrical and material specification listed in Table 1 were tested. 
Numerical modeling
All the samples were imaged using Toshiba multi-slice CT scan device (Fig. 3) . Four of the ten samples (1E, 2E, 3E, and 4E) were chosen for numerical modeling. Using the DICOM viewer software, the DICOM images obtained from the CT device were converted into JPEG format which is a suitable format for being read by MATLAB. Using the imread command, the JPEG files were imported into MATLAB. A table matrix was created each row of whichconsisted of the properties of each pixel including the percentage of brightness, relative density, mechanical properties, etc. Generally, in a CT image, the brighter the color of a pixel is, the denser the material at that point is. Therefore, the completely black pixels are representative of pores, while completely white pixels show that density of the foam material at the point is equal to density of the bulk material. A few examples of cross-sections of the constructed finite element models are shown and compared to the corresponding CT images in the test samples in Fig. 4 . It must be noted that the arc-shaped part at the bottom of the CT images is not representative of samples, but shows the padding on the CT device bed. These arc-shaped parts were removed from the FE model in the simulations.
According to its brightness, density and elastic modulus values were assigned to each pixel. For each test sample, a 3D cubic structure meshed by cubic brick elements was created and the material properties of the pixels were assigned to the corresponding elements. An example of the 3D model for a sample is shown in Fig. 5 . The constructed FE models consisted of about one million brick elements. A high number of elements promises high accuracy of consideration of the material properties gradient inside the foam model. The colors of the CT images (and therefore material density of the foam) were categorized into eleven groups according to the degree of their brightness. The elastic modulus value assigned to each element was not linearly proportional to its density value. Three different nonlinear formulas existing in the literature were implemented for this purpose. Poisson's ratio value was set to 0.3 in all the relative densities. In the first elastic modulus formula, it is assumed that the relative elastic modulus E/E s is proportional to the n-th exponent of relative density ρ/ρ s , i.e. where E and E s are respectively the elastic moduli of the foam material and the bulk material it is made of, and ρ and ρ s are densities of the foam material and the bulk material, respectively. The constant n is obtained by fitting the elastic modulus plots of the FE model and the experiments, which shows that n = 4.4 gives the best results. This formula is called the n-exponential formula in the following. The second formula is based on the relationship proposed by Ashby et al. (2000) for open-cell foams
where C 1 is a constant which must be determined according to experimental/numerical correlation. The best value obtained for C 1 is 0.02364. The third formula is the one proposed by Ashby et al. (2000) for closed-cell foams
where C 2 = 0.0151 yields the best numerical/experimental correlation. The E/E s values assigned to the eleven materials corresponding to the three noted formulations are listed in Table 2 . For a black point (i.e. the locations where there is no material), the elastic modulus E = 1 Pa is considered which is negligible compared to the elastic moduli of the other parts of the model. Large and relatively small pores inside the test samples have also been considered in the constructed models by giving them a very small elastic modulus (∼ 1 Pa). The hollow space in the periphery of the foam samples are also specified in the FE model in the same way. Very small holes (with sizes smaller than the pixel size of the CT images) could not be identified in the CT images. However, these micro pores decrease the brightness of a CT image at the pixel they exist because they decrease the local density of the foam material. Their effect therefore has been incorporated in the FE model by assigning elastic moduli smaller than the elastic modulus of the bulk metal.
Similar to the conditions of the experimental tests, the FE models are constrained in the bottom side and are compressed for ε = 2% from the top side. The nodes of the lowermost elements are not allowed to move in the direction parallel to the loading direction but are allowed to move parallel to the bottom surface. To obtain the elastic modulus of each structure E * , the total resultant force of the constrained nodes F have been measured and inserted in E * = F L/δA, where A and L are the cross-section area and length of each sample, respectively. The dimensions of the four samples are listed in Table 3 . 
Results and discussion
The experiments
All the test samples were compressed up to 80% strain. Knowing the cross-section area and lengths of the samples, the load-displacement curves were converted into stress--strain curves (Fig. 6) . For obtaining the elastic modulus of each sample, the slope of the linear part of stress-strain curves is measured (see Fig. 7 ). The initial parts of the stress-strain curve are neglected in calculating the elastic modulus, because they are associated with the initial micro-plasticity of the uneven surfaces of the foam samples in contact with the grip surfaces. The obtained elastic modulus, plateau stress, densification strain, final elastic modulus and yield stress of the ten samples are listed in Table 4 . Due to the presence of large holes created during manufacturing process (e.g. see the large hole in the sample shown in Fig. 8) , the specimens 6E and 6D do not demonstrate the elastic part in their stress-strain curve and therefore the corresponding cells in Table 4 are left blank. As it can be seen in Table 4 , the elastic moduli of different samples(with no big hole) are in the range of 16 MPa (for Sample 5D) and 77 MPa (for Sample 3E). The higher average density of the foam is, the larger is the obtainedelastic modulus value. For example, samples 3E and 4E which have the highest average densities among all the samples also have the highest elastic moduli. Moreover, these two samples have the highest yield stress and lowest densification strain among all the cases.
Although in the final stages of foam compression, the relative density of the foam samples are close to unity, the elastic modulus in this part is still much smaller than the elastic modulus of the bulk material (about one thousandth), see Table 4 . This is because the material particles have lost their continuity and the material layers easily slide on each other.
The FE models
The obtained resultant forces for the four samples and for the three different formulas are listed in Table 5 . The obtained elastic modulus values for the three formulas and their difference with experimental results are listed in Table 6 . All the numerical results have less than 15% difference with the experimental data (except the n-exponential formula for sample 4E which has 45.9% difference with the experiments). The good accordance of the numerical results based on the three formulas demonstrates a proper definition of loading, boundary conditions and discretization of the FE models. Moreover, the results show that the CT-based multi-material foam model, while used with an appropriate density-stiffness formula, can predict the cellular structure mechanical response as well. The results of the open-cell formula give the best numerical/experimental correlation (less than 10.5% difference), and the closed-cell formula also shows less than 15% numerical/experimental difference ( Table 6) .
The stress contour is demonstrated for the four samples in Fig. 9 . The stress value is usually higher at locations with higher densities. This correlation between the local material density and stress level is demonstrated in Fig. 10 for cross-section of the foam sample. 
Conclusions
In this study, the mechanical behavior of aluminum metal foams under compressive static loading is studied experimentally and numerically. For the experimental tests, the elastic modulus, yield stress, plateau stress, densification strain and final elastic modulus have been obtained for ten samples, two of which had large pores. For the numerical modeling, four of the ten samples used in the experimental tests were imaged using CT-Scan device before carrying out the experimental tests. The CT data were then used for creating 3D models of the samples. According to the darkness or brightness of the CT images, different densities were assigned to different parts of the FE models of the samples. Three different formulas were considered in different simulations for relating the elastic modulus to density of the foam material. One of the formulas is first presented here (called the n-exponential formula), while the two remaining formulas are the relationships proposed by Gibson and Ashby (1998) for open-cell and closed-cell foams. Comparison of the numerical and experimental results demonstrated the superiority of the open-cell formula, in such a way that the numerical/experimental difference is less than 10.5% for all the samples. The closed-cell formula also shows less than 15% numerical/experimental difference. For the last formula (n-exponential formula), the numerical/experimental discrepancy is less than 15% except for one sample which shows an elastic modulus 45.9% higher than the experimental data. The good accordance of the numerical results based on all the three formulas demonstrates the efficiency of the proposed numerical model methodology. The image processing methodology presented in this paper can therefore be very useful in similar studies.
